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ABSTRACT 

Binary transition metal oxides are considered as promising anode materials for lithium-ion batteries (LIB), 
because they can effectively overcome the drawbacks of simple oxides. Here, a one-step hydrothermal method 
is described for the synthesis of regular ZnFe 2 0 4 octahedrons about 200 nm in size at a low temperature without 
further annealing being required. The ZnFe 2 0 4 octahedrons were characterized by powder X-ray diffraction, 
scanning electron microscopy, high-resolution transmission electron microscopy and X-ray photoelectron 
spectroscopy. The electrochemical performance of the ZnFe 2 0 4 octahedrons was examined in terms of cyclic 
voltammetry and discharge/charge profiles. The ZnFe 2 0 4 octahedrons exhibit a high capacity of 910 mA-h/g at 
60 mA/g between 0.01 and 3.0 V after 80 cycles. They also deliver a reversible specific capacity of 730 mA-h/g 
even after 300 cycles at 1000 mA/g, a much better performance than those in previous reports. A set of reactions 
involved in the discharge/charge processes are proposed on the basis of ex situ high-resolution transmission 
electron microscopy (HRTEM) images and selected area electron diffraction (SAED) patterns of the electrode 
materials. The insights obtained will be of benefit in the design of future anode materials for lithium ion batteries. 
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1. Introduction 

Binary transition metal oxides have been considered 
as promising anode materials for lithium-ion batteries 
(LIB), because they can effectively overcome the draw¬ 
backs of simple oxides, and high specific capacity, good 
cycling stability and excellent rate performance can 
be achieved by the selection of a suitable combination 
of different metal oxides. So far, a variety of binary 
transition metal compounds have been investigated as 
anode materials for LIB, including M 2 Sn0 4 (M = Zn [1], 


Co [2]), MCo 2 0 4 (M = Fe, Mg [3], Zn [4], and Cu [5]), 
MMn 2 0 4 (M = Zn [6], Co and Ni [7]) and MFe 2 0 4 (M = 
Co [8] and Ni [9]). 

ZnFe 2 0 4 stands out from the others as an anode 
material, due to its low toxicity, high abundance and, 
most importantly, high theoretical specific capacity 
(1072 mA-h/g). The first report of the use of ZnFe 2 0 4 
as an anode involved nanocrystalline ZnFe 2 0 4 and Ag- 
doped ZnFe 2 0 4 thin films synthesized by a pulsed laser 
deposition method [10]. The initial reversible capacity 
was 556 mA-h/g and 78% of the capacity (434 mA-h/g) 
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was retained over 100 cycles. Other examples include: 
the reversible capacity of ZnFe 2 0 4 nanoparticles 
prepared by a urea combustion method could be 
increased to 615 mA-h/g at a current of 60 mA/g after 
50 cycles [11]; ZnFe 2 0 4 nanofibers synthesized by an 
electrospinning technique delivered a reversible 
capacity of 733 mA-h/g after 30 cycles at 60 mA/g [12]; 
ZnFe 2 0 4 hollow microspheres synthesized by a 
hydrothermal reaction followed by annealing at 600 °C 
gave a specific capacity about 900 mA-h/g over 50 cycles 
(with a current of 65 mA/g) [13]. 

Nanostructured ZnFe 2 0 4 with specific particle shape 
and good crystallinity is highly desired for applications 
in LIB, because a small particle size can effectively 
shorten the reaction pathway of Li ions, increase the 
electron/ion conductance, and reduce the volume 
change induced by charge/discharge [14-16]. To date, 
ZnFe 2 0 4 nanoparticles have been synthesized by the 
urea combustion method [11], thermal decomposition 
[17], hydrothermal reactions [18], sol-gel processes [19], 
the microemulsion method [20], and a variety of other 
methods [21]. Sharma et al. reported the preparation of 
irregular ZnFe 2 0 4 nanoparticles by a urea combustion 
method that was conducted at 400 °C for 6 h and 
followed by annealing in air at 900 °C for 6h [11]. 
Zhang and coworkers successfully fabricated porous 
nanocrystalline 'Timber-like" superstructures of 
ZnFe 2 0 4 via the thermal decomposition of a zinc 
ferrioxalate precursor at 500 °C for 2 h [17]. Chen's 
group prepared ZnFe 2 0 4 microtubes by pyrolysis of a 
polyvinyl alcohol (PVA)-assisted xerogel, using porous 
alumina as a template [22]. Peng et al. synthesized 
aggregated porous ZnFe 2 0 4 nanorods by a 
hydrothermal reaction at 100 °C for 30 h followed by 
calcination at 500 °C for 2 h [18]. Porous nanorods can 
also be prepared by a microemulsion method followed 
by heat treatment at 500 °C [20]. Most of these synthetic 
processes require multiple reaction steps or high 
reaction temperature. 

Herein, we have successfully developed a facile one- 
step hydrothermal route to prepare single crystalline 
ZnFe 2 0 4 octahedrons at a low reaction temperature, 
using zinc acetate (Zn(OAc) 2 ), ferrous sulfate and 
hydrazine hydrate as the reactants. The structure, 
shape and composition of the ZnFe 2 0 4 octahedrons 
were investigated by X-ray powder diffraction (XRD), 


scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) and X-ray photoelectron 
spectroscopy (XPS). The electrochemical properties of 
the ZnFe 2 0 4 octahedrons were characterized in terms 
of cyclic voltammetry and discharge/charge profiles. 
The reactions involved during the discharge/charge 
processes are proposed, based on the ex situ HRTEM 
analysis of the discharged and charged electrodes 
after 50 cycles. The well-controlled morphology and 
outstanding electrochemical performance of these 
ZnFe 2 0 4 octahedrons will offer a good model for the 
exploration of the other binary oxides in the field of LIB. 

2. Experimental section 

All reagents (purchased from Sinopharm Chemical 
Reagent Co., Ltd) were analytical grade and used 
without further purification. 

2.1 Synthesis of ZnFe 2 0 4 Octahedrons 

In a typical procedure, 0.35 g of Zn(0Ac) 2 -2H 2 0 and 1 g 
of FeS0 4 -7H 2 0 were dissolved in 40 mL of deionized 
water by magnetic stirring at room temperature. Then, 
5 mL of 10 mol/L N 2 H 4 -H 2 0 was added into the solu¬ 
tion. The mixture was transferred into a Teflon-lined 
stainless steel autoclave with a capacity about 50 mL. 
The autoclave was sealed, maintained at 180 °C for 14 h 
and cooled to room temperature. The precipitate was 
isolated by filtration and washed several times with 
distilled water and absolute ethanol. Finally, the product 
was dried in a vacuum oven at 60 °C for 12 h. 

2.2 Characterization 

XRD patterns were obtained using a Philips X'pert 
PRO X-ray diffractometer with Cu Ka radiation (2 = 
1.541 82 A). XPS was performed on a Thermo Scientific 
ESCALAB 250 X-ray photoelectronic spectrometer, 
using non-monochromated Mg Ka X-ray radiation 
as the excitation source. TEM images were taken on a 
Hitachi H7650 microscope. The high resolution images 
were recorded using a high resolution transmission 
electron microscope (HRTEM, JEOL-2010) operating 
at 200 kV. Particle morphology was characterized by a 
field-emission scanning electron microscope (FESEM, 
JEOL JSM-6700 M). 
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2.3 Electrochemical measurements 

The electrochemical performance versus Li was 
measured using coin-type cells (size: 2032). To 
prepare the working electrodes, the active materials 
(60 wt.%) were mixed with Super P carbon black (30 
wt.%) and polyvinylidene fluoride (PVDF) (10 wt.%) 
in N-methylpyrrolidone (NMP). After the slurry was 
milled (QM-3SP2 Planetary Ball Mill) for 5 hours, it was 
coated on a Cu foil and dried under vacuum at 80 °C 
for 12 h. The separator was a Celgard 2300 microporous 
membrane, and the electrolyte was a 1 mol/L solution 
of LiPF 6 in ethylene carbonate/dimethyl carbonate 
(EC/DMC) with a volume ratio of 1:1. The coin cells 
were assembled in an argon-filled glove box (Mikrouna, 
Super 1220/750/900) with Li metal as an anode. 
Galvanostatic discharge/charge tests were performed 
using a Land-CT2001A battery cycler (Xinnuo, Wuhan 
China) in the voltage range of 0.01-3.0 V (vs. Li + /Li) 
at room temperature. The cyclic voltammetry (CV) pro¬ 
files were recorded by a LK-2005A electrochemical 
workstation (Lanlike, Tianjin China). 


3. Results and discussion 

Figure 1 shows a typical XRD pattern of the as- 
prepared product. All the reflection peaks can be 
indexed as ZnFe 2 0 4 in a face-centered cubic (fee) phase 
(JCPDS Card Files, No. 22-1012). The strong intensity 
and narrow peak width indicate the good crystallinity 



Figure 1 A typical XRD pattern of the as-prepared ZnFe 2 0 4 
octahedrons 


of the product. The lattice constant calculated from the 
pattern is 8.453 A, very close to the reported data (a = 
8.441 A). No peaks from any impurities are observed 
in the XRD pattern. 

XPS was used to further confirm the formation of 
ZnFe 2 0 4 . As shown in Fig. 2(a), the signals of Zn, Fe 
and O can be identified in the product, consistent with 
the formation of ZnFe 2 0 4 . The presence of carbon at 
284.8 eV in the spectrum can be assigned to carbon 
contamination, and C0 2 adsorbed on the surface of the 
product when it was exposed to the air after synthesis. 
The signals at 1045.1 and 1022.4 eV can be attributed 
to Zn 2p 1/2 and Zn 2p 3/2 of Zn 2+ [23]. There are four 
signals in the high-resolution spectrum of Fe 2p, as 
presented in Fig. 2(c). The signals centered around 
711.6 and 726.1 eV are caused by Fe 3+ at octahedral 
sites. The satellite peaks, with binding energies 8 eV 
higher than the main peaks, confirm the oxidation state 
of iron is 3+ [23, 24], consistent with the reported 
oxidation state (Fe 3+ ) in ZnFe 2 0 4 . The O Is peak can be 
found at 530.1 eV, which is characteristic of oxygen in 
metal oxides. 

The morphology of the as-prepared ZnFe 2 0 4 was 
characterized by SEM microscopy (Fig. 3). Figure 3(a) 
shows that the product is composed of a number of 
octahedrons with their sizes in the range 100-350 nm. 
In addition, a few vertex-truncated octahedrons were 
also observed. The relatively broad size distribution of 
the octahedrons might be caused by the overlapping of 
the nucleation process and the growth process, and/or 
Ostwald ripening due to long heating time at high 
temperature [25]. The magnified SEM image (Fig. 3(b)) 
reveals the symmetrical shape and smooth surface of 
the octahedrons. The regular shape of the product is in 
line with the fee structure, because highly active crystal 
facets usually grow fast and finally vanish [26, 27]. 
Figure 3(c) shows a structural model of a ZnFe 2 0 4 
octahedron enclosed by eight {111} facets. 

TEM microscopy offers another powerful tool to 
study the structure of the octahedrons. A selected area 
in Fig. 4(a) is used for HRTEM image and selected 
area electron diffraction (SAED) pattern. As shown in 
Fig. 4(b), the well-resolved lattice fringes suggest that 
the ZnFe 2 0 4 octahedron is highly crystalline. The 
distances of the two different sets of crystal planes are 
4.88 A and 2.98 A respectively, which correspond to 
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Figure 2 XPS spectra of the ZnFe 2 0 4 samples: (a) survey spectrum; (b) Zn 2p spectrum; and (c) Fe 2p spectrum 



Figure 3 (a) Representative SEM image of ZnFe 2 0 4 octahedrons; (b) SEM image of an individual ZnFe 2 0 4 particle; (c) structure model 

ofZnFe 2 0 4 octahedrons enclosed by {111} facets 


the {111} and {220} crystal planes of ZnFe 2 0 4 . The fast 
Fourier transform (FFT) pattern of the HRTEM image 
(the inset of Fig. 4(b)) is in good agreement with the 
SAED pattern taken from the same region (Fig. 4(c)). 
The schematic illustration in Fig. 4(d) shows a typical 
crystal structure of spinel ZnFe 2 0 4 along the < 112 > 
direction, the same as the HRTEM image. In this 
structure, O 2- anions are close-packed into a cubic 
phase. Zn 2+ and Fe 3+ occupy 1/8 of the tetrahedral 
and 1/2 of the octahedral interstitial sites in the lattice 
respectively. 

The CV profiles for the first ten cycles at a scan rate 
of 0.1 mV/s are shown in Fig. 5. The cathodic peak (A) 
at 0.55 V in the first cycle can be assigned to the 


reduction reaction of ZnFe 2 0 4 with Li into Zn° and 
Fe°, and the further lithiation of Zn° to give a Li-Zn 
alloy [10]. Two anodic peaks (B) and (C) located at 
1.57 V and 1.78 V in the first cycle might be attributed 
to the oxidation of Zn° [28] and Fe° [29]. During the 
subsequent cycles, the cathodic peak shifts to 0.93 V, 
which is indicative of a structure rearrangement 
[30, 31]. Accordingly, the anodic peaks move slightly 
to 1.59 V and 2.00 V. 

The electrochemical performance of the sample was 
examined at a current rate of 60 mA/g in the potential 
range from 0.01 V to 3 V with Li foil as a counter 
electrode at room temperature (25 °C). As presented 
in Fig. 6(a), the initial discharge and charge specific 
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(c) (d) 


Figure 4 (a) HRTEM image of a typical ZnFe 2 0 4 octahedron; 

(b) lattice fringes of the octahedron and corresponding FFT 
pattern (inset); (c) SAED pattern; (d) crystal structure of ZnFe 2 0 4 
crystal 



Potential (V vs. LiVLi) 


Figure 5 Cyclic voltammograms of the ZnFe 2 0 4 electrode at a 
scan rate of 0.1 mV/s in the voltage range 0.01-3.0 V vs. Fi + /Fi 


capacities reached about 1350 mA-h/g (equivalent 
to -12.1 mol Li per mol ZnFe 2 0 4 ) and 1036 mA-h/g 
(-9.3 mol Li per mol ZnFe 2 0 4 ), respectively. The extra 
capacity over the theoretical specific capacity might 
arise from the insertion of lithium ions into acetylene 
black [32] and interfacial storage [33, 34]. After the first 
cycle, the discharge plateau changed into a slope during 
the discharge/charge process. The change of the voltage 


plateau and the significant capacity loss after the first 
cycle are consistent with the shifting and damping 
of the peaks in the CV profiles. Figure 6(b) shows the 
cycling performance of the ZnFe 2 0 4 /Li cell at 60 mA/g. 
After the third cycle, the specific capacity was stable at 
-1000 mA-h/g. The discharge capacity slowly decayed 
but remained above 910 mA-h/g (8.15 mol Li) after 
80 cycles, indicating superior capacity retention to the 
majority of previous reports [10-12]. As described in 
the Introduction, nanocrystalline ZnFe 2 0 4 thin films 
only exhibited a reversible specific capacity of about 
434 mA-h/g after 100 cycles [10]. This reversible 
capacity could be increased to 615 mA-h/g at a current 
density of 60 mA-h/g after 50 cycles, using ZnFe 2 0 4 
nanoparticles with a size of 100-300 nm as an anode 
[11]. A further increase of the reversible specific 
capacity to 733 mA-h/g could be achieved with ZnFe 2 0 4 
nanofibers [12]. Even after coating with carbon, ZnFe 2 0 4 
hollow spheres only delivered a specific capacity of 
841 mA-h/g at 65 mA-h/g after 30 cycles [32]. The 
excellent performance of our ZnFe 2 0 4 nano-octahedrons 
could be associated with their single-crystal nature 
and nanoscale size. The single-crystal nature can pro¬ 
mote the uniform delivery of electrons and ions, and 
the nanoscale size can shorten Li + insertion/extraction 
pathways, increase the electron/ion conductance, and 
reduce the volume change caused by the charge/ 
discharge [35, 36]. All these features enable the ZnFe 2 0 4 
nano-octahedrons to show an improved performance 
for LIBs. In our case, the columbic efficiency of the first 
cycle was about 77%. After that, the columbic efficiency 
between discharge and charge capacities remained 
above 97% from the 2nd to the 80th cycles. 

The rate capacity of the ZnFe 2 0 4 octahedrons was 
also studied at different current densities (Fig. 7(a)). 
When the current was gradually increased from 60 
to 120, 240, 480 and 960 mA/g, the corresponding 
discharge capacities were 990, 850, 700, 640 and 
575 mA-h/g respectively. If the current was reverted to 
65 mA/g, the capacity returned to -960 mA-h/g, thus 
almost recovering the initial capacity. Since the ZnFe 2 0 4 
octahedrons present an outstanding rate capability, the 
electrochemical performance at large current density 
(1000 mA/g) was further evaluated by two processes 
(Fig. 7(b)). If a high current density (1000 mA/g) was 
directly applied to the cell, the reversible specific 
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Figure 6 Electrochemical performance of the ZnFe 2 0 4 electrode, (a) discharge/charge profiles for selected cycles; (b) discharge/charge 
capacity and coulombic efficiency as a function of cycle number 
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Figure 7 (a) The rate performance of ZnFe 2 0 4 electrode (60-960 mA/g); (b) discharge/charge capacity at 1000 mA/g; the curves 

consisting of black and red triangles represent discharge/charge capacity when a current of 1000 mA/g was directly applied; the curves 
consisting of blue and green dots represent discharge/charge capacity when a current of 1000 mA/g was indirectly applied 


capacity decreased rapidly to -480 mA-h/g after 50 
cycles. Then it slowly increased to -570 mA-h/g after 
another 100 cycles, which might be associated with 
the decomposition of the electrolyte [37]. Finally, it 
gradually faded to -520 mA-h/g over 300 cycles. In 
contrast, if the discharge/ charge current density was 
controlled at 60 mA/g for the first five cycles and then 
increased to 1000 mA/g, the reversible specific capacity 
could be kept at ~730 mA-h/g, much better than in all 
the previous reports. Using ZnFe 2 0 4 nanofibers as an 
anode for LIB only delivered a specific capacity around 
400 mA-h/g at 800 mA/g [12]. Similar results were 
observed for ZnFe 2 0 4 hollow spheres, which exhibited 
a specific capacity of 500 mA-h/g at 650 mA/g [13], and 
ZnFe 2 0 4 /C hollow spheres that presented a specific 


capacity of 450 mA-h/g at a current of 700 mA/g [32]. 
The capacity retention of the electrodes for 300 cycles 
(Fig. 7(b)) was up to 97% of that in the sixth cycle. This 
result indicates that directly applied high current 
density might induce drastic structural reorganization 
and result in unsatisfactory cycling performance. 

Ex situ HRTEM analysis was performed on the 
fully discharged (0.01 V) and charged (3.0 V) electrode 
materials after 50 cycles to identify the lithiation and 
delithiation processes. As shown in Figs. 8(a) and 8(d), 
the initial octahedrons could not be observed after 
tens of discharge/charge cycles. Particles with a 
spheroidal morphology were found instead, indicating 
significant deformation and structural change. The 
HRTEM image (Fig. 8(b)) of the discharged electrode 
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Figure 8 (a) Ex situ TEM image of the electrode material after being fully discharged; (b) ex situ HRTEM image after being discharged; 

(c) the corresponding SAED pattern for the material in (b); (d) ex situ HRTEM image after being totally recharged; (e) ex situ HRTEM 
image after being recharged; (f) the corresponding SAED pattern for the material in (d); (g) schematic illustration of the conversion reaction 
ofZnFe 2 0 4 nanocrystals 


shows small nanoparticles (3-6 nm) dispersed in an 
amorphous matrix. The lattice fringes of the crystallized 
particle shown in Fig. 8(b) and the corresponding 
diffraction rings (Fig. 8(c)) could be assigned to Zn, Fe 
and LiZn alloy. When the electrode was fully recharged, 
the lattice fringes (Fig. 8(e)) and the corresponding 
SAED pattern (Fig. 8(f)) confirm the presence of Fe 2 0 3 
and ZnO in the product, rather than ZnFe 2 0 4 . 

Based on the experimental results, the following 
reactions are proposed to be involved in the discharge/ 
charge cycles. During the first cycle of discharge, 
lithium is first intercalated into ZnFe 2 0 4 , resulting in 


the formation of Li x ZnFe 2 0 4 (Eq. (1)) [11]. Then, the 
as-obtained Li x ZnFe 2 0 4 is reduced by Li metal, as the 
discharge process continues. As a result, metallic Zn, 
Fe nanoparticles and amorphous Li 2 0 appear in the 
product (Eq. (2)) [37]. Finally, metallic Zn reacts with 
Li to form LiZn, increasing the anodic capacity 
(Eq. (3)). Since Eqs. (1) and (2) are irreversible, ZnFe 2 0 4 
could not be recovered in the later cycles. Metallic Zn 
and Fe nanoparticles can be oxidized to the respective 
metal oxides through the conversion reaction during 
the charge process, as presented in Eqs. (4)-(6) [11]. 
In the most favorable case, the Fe 2+ ions in FeO would 
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be further reversibly oxidized to form trivalent Fe 3+ 
ions to obtain Fe 2 0 3 [38]. Figure 8(g) schematically 
outlines these changes of the ZnFe 2 0 4 nanocrystals 


during discharge/charge cycles. 

ZnFe 2 0 4 + x Li + + x e~ -► Li x ZnFe 2 0 4 (1) 

Li x ZnFe 2 0 4 + (8 - x) Li + + (8 - x) e~ 

Zn° + 2 Fe° + 4 Li 2 0 (2) 

Zn° + Li + + e-^LiZn (3) 

Zn° + Li 2 0 <-► ZnO + 2 Li + + 2 e" (4) 

2 Fe° + 2 Li 2 0 <-► 2 FeO + 4 Li + + 4 e" (5) 

2 FeO + Li 2 0 <-> Fe 2 0 3 + Li + + e _ (6) 


4. Conclusion 

Spinel ZnFe 2 0 4 octahedrons have been successfully 
synthesized by a facile hydrothermal route using zinc 
acetate and ferrous chloride as the reactants, XRD, SEM 
and HRTEM were used to characterize the phase, 
particle size and shape of ZnFe 2 0 4 . Electrochemical 
tests showed that the ZnFe 2 0 4 electrode delivered an 
initial discharge capacity of 1350 mA-h/g at 60 mA/g. 
A specific capacity of 910 mA-h/g was maintained after 
80 cycles. Based on the results of ex situ HRTEM and 
SAED analysis together with voltage profile and cyclic 
voltammetry, the reactions involved in the lithiation 
and delithiation processes are proposed. This material 
also exhibited high capacity at a high cycling rate 
and good cycling stability. It also delivered a large 
discharge specific capacity of 730 mA-h/g after 300 
cycles at 1000 mA/g. This work offers a convenient 
method for the preparation of single crystalline 
ZnFe 2 0 4 octahedrons, and a good example of their 
application in LIB. 
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